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ABSTRACT
Two novel spacecraft attitude control system technologies are introduced that both rely on the same nonholonomic control trajectory concept but that utilize distinct system implementations. The first of these
two technologies is Hinge Integrated Multifunctional Structures for Attitude Control (MSAC), which is a
new attitude control system that utilizes deployable panels to provide a spacecraft with both fine pointing
and large angle slewing attitude control capabilities. Given its potential for high reliability and these control
capabilities, Hinge Integrated MSAC is a viable alternative to conventional momentum exchange-based
attitude control systems. This study details the Technology Readiness Level (TRL) advancement for MSAC
systems toward TRL 6 and introduces potential flight opportunities. We also introduce the Suspended Phased
Oscillators for Attitude Control (SPOAC) system concept and mission design (which leverages MSAC control
concepts), along with a prototype validation of the system. The Hinge Integrated MSAC system utilizes
the deployable panel flexure/compliance to induce phased non-holonomic vibrations that generate largeangle slewing. Using flexure-based techniques, MSAC eliminates the need for sliding contact systems such
as mechanical bearings, thereby eliminating a key failure mode of conventional reaction wheel assemblies
(RWAs) and control moment gyroscopes (CMGs). The SPOAC operating concept is similar to that of MSAC,
but instead of deployable panels, it employs levitating reaction masses that are oscillated using phased nonholonomic magnetic fields. The breakthrough SPOAC technology is ideal for small spacecraft and larger
spacecraft that do not have large appendages, such as solar panels.
Introduction

The first class of spacecraft ACSs are those that
rely on external force/torque interactions to provide attitude control. Examples of ACS technologies within this class include reaction thrusters and
magnetic torque coils. The main drawback of these
actuation systems links to the inherent limits on operation due to finite fuel sources and the range of
the Earth’s magnetic field, respectively, which places
limits to a mission’s lifespan and its orbital semimajor axis.

Attitude control is the process of controlling
the orientation of a spacecraft and other onboard
subsystems toward desired targets. Attitude control systems (ACSs) may be responsible for tasks
such as orienting solar panels toward the sun, orienting antennae to maintain high communication
rates, or payload specific space observation orientation tasks.1–5 Attitude control systems can be classified into two main types that are used in concert
for a spacecraft, articulated below.
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The second class of spacecraft ACSs are momentum management devices, such as Reaction
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Wheel Assemblies (RWAs) and Control Moment Gyroscopes (CMGs), which use internal torques and
forces to reorient the spacecraft.6, 7 Momentum
management devices work by spinning flywheels and
temporarily storing momentum and hence are not
fuel- or space-environment constrained.
The benefits of momentum management devices
over external force/torque systems comes at a cost of
mass, volume, and mechanical complexity associated
with the flywheels. The spinning flywheels also produce a significant amount of vibration. To attenuate
these vibrations adequately for mission performance,
these actuators are usually coupled with passive vibration isolation systems,5, 8, 9 further increasing the
ACS mass and volume budget. The performance of
an attitude control system can be quantified through
metrics for pointing accuracy, stability, and robustness.
Future missions, such as for space and earth
observation and deep-space communication, require
new levels of performance along these dimensions
that cannot be provided by conventional ACS technologies. More specifically, demand for ACS technologies that can simultaneously provide sub milliarc-second (mas)/nano-radian (nrad) pointing accuracy while providing enhanced stability and active
noise (jitter) reduction is clear. This motivates investment in the discovery and development of fundamentally new ACS technologies that with the potential to provide disruptive performance improvements that are crucial to the success of future missions.2, 5, 10–12
Recent investigation of the application of intelligent structures have led to promising new ACS technologies, first for active jitter reductions and smallangle slew maneuvers, and later with the added
capability of large-angle slews. The first of these
new technologies uses strain-actuated solar arrays
(SASA) to reduce the mechanical vibration onboard
a spacecraft to improve ACS performance.11 SASA
relies on distributed strain actuators to control the
vibration modes of deployable panels, and to actively
cancel mechanical jitter.11, 13 The SASA ACS is capable of actively cancelling jitter and provide small
angle slewing capability, but is not a complete ACS
solution. Conventional ACSs are required to complement SASA and provide large angle rotation. Benefits of SASA in comparison with conventional ACSs
include the potential for increased reliability and volume/mass efficiency. More specifically, SASA provides inherent mechanical reliability via elimination
of sliding contact joints that are needed for flywheelbased systems. In addition, SASA can help reduce
mass requirements for high precision applications,
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even when considering that a conventional ACS
must be employed for large slews. SASA utilizes
existing vehicle mass (deployable panels) instead
of relying upon massive passive vibration isolation
solutions. To determine the system-optimal plant
(distributed structure) and control designs, Control
Co-Design (CCD) techniques have been used to accelerate identification of effective SASA system designs.7, 14, 15
Multifunctional Structures for Attitude Control
(MSAC) builds upon the SASA concept in a way
that can provide large angle slewing in addition to
active noise cancellation. This eliminates the need
to combine MSAC systems with secondary flywheelbased systems. Since RWAs and CMGs are key
sources of the mechanical jitter onboard a spacecraft,
MSAC can reduce and possibly eliminate most of the
jitter onboard a spacecraft.5, 7, 16 The MSAC system
is distinct from SASA in physical design and control schemes, adding secular slewing maneuvers to
SASA functionality. In MSAC, attitude control and
large angle slewing are obtained by generating precise phase-aligned cyclic motions in deployable panels that operate as multifunctional structures and
produce a non-holonomic control trajectory. These
features depend on developing desirable resonance
modes and exciting the panels at precise frequencies and phases by tuning the mechanical configuration of the deployable panels. This new concept
has reduced the system mass, volume, power consumption, and cost while simultaneously enhancing
pointing performance. The MSAC system can offer
large-angle slews using non-holonomic control vibrations, a feature similar to conventional ACSs. Moreover, complete 3-axis attitude control is achieved by
the mechanical and control design of MSAC using
just a pair of deployable panels. Additionally, the
jitter elimination procedure in the MSAC system is
executed by applying destructive vibrations that interfere with the onboard spacecraft noise, whereas
in conventional ACSs, noise and disturbance cancellation are typically achieved by designing suitable
control structures such as robust controllers.17, 18
Currently, MSAC has three main variants with
similar capabilities, each of which is better suited
for different mission architectures. The first variant is the Panel Integrated MSAC, shown in Fig. 1,
which integrates the actuators into the deployable
panels. This variant5, 7, 16 has the most design freedom to tune the resonance modes to provide the
highest control authority and power, mass, and volume efficiency. Panel Integrated MSAC is also ideal
for the self-steering deployable panels.
The second variant is Cilia-MSAC, which em2
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ploys small tuned mass oscillators inside the spacecraft to deliver attitude control, depicted in Fig. 2.
Three different prototypes of Cilia-MSAC are presented in Fig. 2. Generally, since the tuned mass
oscillators are smaller than deployable panels, they
operate at frequencies that are several orders of magnitude higher than the other MSAC variants, and
thereby have a larger bandwidth of operation. CiliaMSAC is ideal for missions that do not have deployable panels or that cannot allow alteration of deployable panels.16

grated MSAC concept and one possible design instantiation are described, and its application to a
set of representative missions is detailed. Then,
the Hardware-in-the-Loop (HIL) setup is discussed
along with validation for the Hinge MSAC prototype. The SPOAC section provides an exposition
of the SPOAC concept and presents a simulationbased study of SPOAC slew performance. Finally,
the concluding remarks and topics for future work
are given in the last section.
Hinge Integrated MSAC
The hinge integrated MSAC system is a realization of the MSAC concept that provides most
of the features of the Panel Integrated MSAC system,7, 19 but without modifying heritage deployable
panel designs. MSAC functionality is achieved instead by integrating strain actuators within the deployment hinge for a panel. This system variant
allows for rapid realization of MSAC capabilities via
limited redesign.20 Hinge integrated MSAC ameliorates the barriers to adoption for missions by minimizing system design changes, and provides the benefits of MSAC (high-performance pointing, complete
ACS functionality, reliability). The mass and volume budget for the same control authority is slightly
higher than for a panel integrated MSAC system,
but likely lower than a conventional ACS. The operational bandwidth of the system is also constrained
to the deployment hinge stiffness and panel inertia
ratios. A simplified version of this system was designed and realized using space-capable CommercialOff-The-Shelf (COTS) parts for a Hardware-in-theloop demonstration. The deployment hinge design
for this demonstration was simplified in a way that
represents the panel in a post deployment state, but
this design concept is compatible with almost all deployment hinge types.
A simplified depiction of the Hinge Integrated
MSAC system concept is shown in Fig. 3, where a
front view of one of two deployable panels is illustrated. Three deployable panels (blue) are attached
to the spacecraft (black) with two Degree of Freedom (2-DOF) compliant actuators (yellow). Panel
sections are linked by piezoelectric actuators. The
compliant joints at the root provide one rotational
and one translational degree of freedom. These actuators are qualified for attitude control purposes.
To clarify this concept, a system-level rendering is
provided in Fig. 4. This illustrates a Hinge Integrated MSAC system prototype that is designed to
be tested on a spherical air bearing setup. This prototype has two of the Hinge Integrated MSAC pan-

Figure 1: Hardware testbed for a Panel Integrated MSAC prototype mounted on a spherical air bearing

Figure 2: Cilia-MSAC setups with three
hardware configuration design iterations
The Hinge Integrated MSAC concept is introduced in this article as the third MSAC variant, and
is a main contribution of this article. This concept
is ideal for missions aiming to have the least impact/modification of deployable panel heritage designs, while providing similar control authority as
the Panel Integrated MSAC variant. This article
demonstrates a realization of the Hinge-MSAC variant which is designed using space-capable parts.
Furthermore, adopting underlying physics that is
similar to MSAC, the concept of Suspended Phased
Oscillators for Attitude Control (SPOAC) is proposed in this article. Although SPOAC embraces
an operating concept that is similar to MSAC’s, instead of deployable panels, SPOAC employs levitating reaction masses that are oscillated using phased
non-holonomic magnetic fields. Both small and large
spacecraft with relatively small solar panels can benefit from this cutting-edge technology.
The remainder of this article details the new
MSAC variant and the new simulation studies for
SPOAC. In the MSAC section, the Hinge InteBataleblu
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els, depicted in Fig. 3, attached to a spacecraft bus
via 2-DOF compliant actuators. Each panel has just
one section (not three as shown in Fig. 3). The bus is
designed for terrestrial lab testing on a spherical air
bearing and incorporates a mass distribution that
provides stability in a gravitational field. The Hinge
Integrated MSAC technology is currently at a Technology Readiness Level (TRL) of 5, and is capable
of TRL 6 in the near future.

bearing are manufactured using aluminum 7075 to
provide sufficient stiffness at and below the operational frequency of MSAC while minimizing setup
mass.
The non-holonomic control trajectories that
stimulate the slewing mode are generated by vibrations in multifunctional panels driven by the compliant piezoelectric actuator assembly. These nonholonomic vibrations create motions as represented
in Fig. 5. This figure shows the front view of the
first rigid section of the deployable panels. Since
the compliant joints are 2-DOF, longitudinal vibrations enable the MSAC panels to have contraction
or extension movements, shown as blue and red in
Fig. 5, respectively. Rotational oscillations can also
be produced.

Figure 3: The Hinge Integrated MSAC system concept.21

Figure 5: Illustration of an attitude maneuver of the Hinge Integrated MSAC system.21
To understand these control trajectories and how
they produce a slew, consider the sequence of operations required to produce an anti-clockwise slew.
This sequence is labeled Phase 1 through Phase 4 in
Fig. 5, and is performed at an actuation frequency
that is close to the natural frequency of the desired
motion. If the longitudinal oscillations were eliminated, the rotational oscillations would not produce any net spacecraft rotation. It is the extension and contraction of the panels in this cycle that
changes the mass moment of inertia between rotational movements that enables a net spacecraft rotation of θγ after completing one cycle. To generate
a clockwise slew, the rotational oscillation direction
must be reversed from what is depicted in Fig. 5.
Please note that panel movements are constrained
to an extended length of le and a bending angle of
θ about the rest position; these constraints depend
upon joint design and compliant piezoelectric actuator constraints.
Although the panels perform micrometer-scale

Figure 4: CAD rendering of the Hinge Integrated MSAC hardware prototype for air
bearing testing.
The electrical drive boards for the system are attached to the air bearing moving element (Fig. 4),
including a boost converter, a high speed control
switch, and an nRF52840 dongle to produce required
all control signals and provide wireless sensor logging.22 Furthermore, the actuators utilized in this
design are APF705 amplified compliant piezoelectric actuators with a maximum displacement of 560
µm.23 For data logging purposes and closed-loop
control, KX134 three-axis accelerometers with a 10
kHz output data rate are used on the panels.
Additionally, the MSAC system is powered using Lithium polymer batteries. For enhanced stability on the air bearing during experimental tests,
some weights, whose positions are adjustable, are
connected to the air bearing moving element. The
frames by which the panels are attached to the air
Bataleblu
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where θγ is the net slew angle of a spacecraft for
a single cycle of the MSAC control trajectories
(Fig. 5), Isc is the mass moment of inertia (MOI) of
the MSAC system, and Ie and Ic are the MOI of the
deployable panel undergoing extension or contraction, respectively. The maximum deflection angles
of the deployable panel in the positive and negative directions are θp and θn , respectively. The average angular velocity, or slew rate, of the spacecraft
(ωsc ) can be estimated based on the time required
to complete one MSAC cycle ∆t using the following
linearization:

motions that generate mas/nrad scale spacecraft rotations, performing this cycle at a high-frequency
results in large angle slew maneuvers at reasonable
slew rates. Additionally, it should be noted that
Fig. 5 depicts a simplified attitude control maneuver about a single axis for clear demonstration purposes. However, higher TRL implementations of the
MSAC systems will incorporate distributed actuation to amplify moment of inertia variation and additional actuator DOFs in the deployable panels to
provide complete three-axis rotations without loss of
generality.
In many actively controlled mechanical systems,
control systems and mechanical elements are designed in a way to damp, eliminate, or avoid exciting
system vibration modes to enhance system stability
and reliability. The MSAC system instead designs
and excites specific vibration modes precisely for attitude control. Understanding this design strategy,
as well as learning how to generate the required nonholonomic control trajectories, is aided by constructing appropriate dynamic models for the Hinge Integrated MSAC system. Recent efforts involving optimal mechanical design, model-based control, dynamic performance analysis, and dynamic calibration have been achieved primarily through use of
analytical system models.24–26 Most control trajectories designed for the MSAC system so far have
relied upon dynamical models derived from conservation of angular momentum. Although these models are simplistic, they are suitable for studying core
system dynamics and estimating performance metrics.7

ωsc ≈

MSAC is scalable as an ACS for a wide variety
of satellite buses and missions. To demonstrate this
scalability, the estimated capabilities of an MSAC
system for three different types of spacecraft, ranging from a CubeSat to a large spacecraft, are presented here. The three missions analyzed include
MarCo,28 GPS,29 and the occulter of the concept
mission HabEx.30 The results are summarized in
Table 1.
MarCo, a 6U CubeSat, is selected here as a representation of small satellites. GPS represents missions with larger buses. The occulter of the HabEx
mission is a novel spacecraft design with unconventional mechanical design and mission requirements.
These unique properties support exploration of a
case where MSAC has the potential to provide significant benefit. The HabEx mission is an example
of how MSAC can enable new mission architectures
that may not be possible with conventional ACSs.
In Table 1, P is the maximum ACS power consumption, Mf is the mass fraction of the ACS mass
relative to the total spacecraft mass, Vf is the ratio
of the ACS volume to the spacecraft volume, σ is
the estimated worst-case pointing accuracy guaranteed by the ACS, and L is the total angular momentum stored by the ACS. Please note that for cases
where σ is provided as a range, it represents the
significant improvements that are possible through
better MSAC actuator placements. The MSAC performance estimates in Table 1 were obtained using a
PRBDM. For these estimations, all subsystems except the ACS remain identical, and the only allowed
modifications are for the deployable panels.27
The performance estimates are based on a particular mission objective, but the total angular momentum stored generally can be traded off against

The results of testing an initial hardware prototype of MSAC were presented in Vedant, Patterson,
and Allison (2020),5 raising MSAC TRL to 3. Analytical models for the slew per MSAC cycle (θγ ) and
average slew rate (ωsc ) were presented in the referenced article. For the purposes of evaluating the
potential performance of Hinge Integrated MSAC we
assume that similar models apply:
(Ie − Ic )
(θp − θn ),
Isc

Bataleblu

(2)

Applications to Missions

Pseudo Rigid Body Dynamics Models (PRBDMs) of the MSAC system have also been created27 to support more sophisticated system design
and analysis activities while maintaining reasonable
computational expense. PRBDMs approximate the
distributed compliant system response using lumped
parameter models. These PRBDMs for MSAC have
been analyzed and validated against Finite Element
Analysis (FEA) models.7

θγ =

θγ
.
∆t

(1)
5
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Table 1: Estimated MSAC performance for existing/proposed missions across three different
scales.
ACS Technology

MSAC

Conventional

P (W)
Mf
Vf
σ (µ rad)
L (Nms)
max τ (Nm)
P (W)
Mf
Vf
σ (µ rad)
L (Nms)

MARCO
2.4
0.022
1.05 × 105
183 − 0.03
0.002
0.36
≤3
0.065
0.048
122
0.0015

pointing accuracy. In addition, ACS control authority can be traded for lower mass, volume, or power.
Pointing accuracy can be increased at the cost of reducing the total angular momentum stored and vice
versa. Similarly, if we aim to increase the control authority of the system, the mass must be increased.

The panels are linked to the central plate with
two APF705 piezoelectric actuators23 on each panel.
One KX134 accelerometer is placed on each panel
to log the acceleration data. These accelerometers
can be used for closed-loop control in future studies. The electrical components on the central panel
include one nRF52840 dongle to generate trajectories, control signals, and to provide sensor logging, a
power system, including a 12V lithium polymer battery pack and two boost converters, and one nineaxis LSM9DS1 Inertial Measurement Unit (IMU)31
consisting of a three-axis accelerometer, magnetometer, and gyroscope to measure the attitude slews
during tests. In addition, to drive the actuators,
two EVALPWD13F60 high density power drivers32
are used, each of which acts as a dual half-bridge
configuration. Figure 7 depicts the electronics setup
with its constituent parts.

Hardware-in the-Loop Testbed
The latest prototype of the Hinge Integrated
MSAC system is designed for a 3U and 6U CubeSat. To validate the design, two HIL testbeds are
proposed. The first one is a spherical air bearing
testbed, based on a previous setup, which can perform clockwise and counterclockwise slews.5 The
second testbed is a simplified suspended testbed in
which the MSAC prototype is suspended using a thin
nylon string and a swivel. When performing tests,
the thin nylon string and the swivel prevent excessive
torsion. This testbed is cost-efficient and allows for
easy manufacturing and assembly, as well as transportation for demonstration to interested parties.
The performance of the Hinge Integrated MSAC
system is verified by implementing the concept and
testing it on the simplified suspended testbed. The
testbed consists of a cube structure with three cantilever bars from where the prototype can be suspended. The structure is made of square T-slotted
framing rails that can be assembled easily. The
testbed can be placed on a table and allows testing
of the prototype with different structural properties
and control.
Testing has been performed using a set of two
panels made of FR-4 fiberglass material and a central panel that represents the hub of the satellite
and that houses the electronics, shown in Fig. 6.
Bataleblu

GPS
HabEx Occulter
32
1.24
0.0048
0.0002
0.0002
0.0005
0.0002
27 − 0.000021
66.0
57.5
3.75
25
780 − 1170
≤ 360
0.02 − 0.03
0.0008 − 0.01
0.0007 − 0.001 0.0006 − 0.0009
184.5
0.012
50 − 100
23 − 68

Figure 6: Experimental setup.
6
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Figure 8: Four-phase SPOAC system cycle.
Figure 7: Electronics setup.
To investigate the performance and effectiveness of the designed Hinge Integrated MSAC system
in the preceding sections, the motion described in
Fig. 5 was applied to the system. The first experiments used an open-loop bang-bang control strategy
at a speed such that the whole trajectory, Phases 14, is completed at a frequency of 20 Hz. As a result,
each panel moves in the XY plane, and therefore,
the satellite rotates about the Z axis. Although,
during slews, open-loop bang-bang control trajectories will generate considerably larger vibrations on
the satellite compared to more refined future strategies, they demonstrate the expected overall motion.

Simulation Results
A multibody simulation for a 1U-Cubesat is presented here. The system design is shown in Figure 9.
The reaction masses, 7.5 grams each, are shown in
blue, and the other actuator details are suppressed
to enhance visualization.
The SPOAC system architecture can provide capabilities that are similar to conventional RWAs
and CMGs, but at a significantly smaller volume
fraction. Additionally, the SPOAC system’s coils
can also be used to dump momentum, similar to a
magnetic torque coil, to desaturate the momentum
exchange-based ACS.

SPOAC
SPOAC is a fundamentally new ACS, inspired by
MSAC, that uses similar non-holonomic vibrations
but with levitating reaction masses instead of compliant structures. These levitating reaction masses
are oscillated using phased non-holonomic magnetic
fields. The oscillators transmit forces to the spacecraft using electromagnetic field interactions. The
lack of mechanical contacts eliminates failure modes
common to conventional ACSs, as well as mechanical
fatigue concerns that are present in MSAC variants.
SPOAC utilizes multiple pairs of reaction masses
that are oscillated using electromagnetic coils, and
can provide full three-axis attitude control capability. Figure 8 depicts the main four phases of
oscillation, which are executed cyclically. A single SPOAC cycle produces a net rotation of θγ .
SPOAC-based systems are ideal for small spacecraft
and large spacecraft that do not rely on large deployable panels for other subsystems.
Bataleblu

Figure 9: Simplified SPOAC system design
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sign. In addition, the control systems utilized so
far in MSAC studies are relatively simplified. Investigation of effective feedback control systems in
the context of mechanical system design is essential
for further TRL advancement. More comprehensive
studies that include additional failure modes, mission conditions, and robustness to parameter variations should be conducted.
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Figure 10: SPOAC performance simulation

Conclusions and Future Work
This paper explores a whole family of a novel
satellite attitude control systems that can provide
large angle slewing and active jitter cancellation,
without relying on flywheels or external forces/torques. A recent variant of the MSAC, the Hinge
Integrated MSAC system, is introduced. It may
be especially beneficial for cases where modification
of heritage deployable panels must be minimized.
Compared to conventional ACSs, this new concept
offers mass, volume, and spacecraft failure mode reduction benefits. The Hinge Integrated MSAC system is currently capable of TRL 6; flight opportunities are actively being sought. A new ACS concept that is similar to MSAC, Suspended Phased
Oscillators for Attitude Control (SPOAC), was introduced in this article. SPOAC may be ideal for
small and larger spacecraft that do not have large
deployable panels. This system uses levitating reaction masses that are oscillated by employing phased
non-holonomic magnetic fields instead of actuation
of compliant or hinged structures. The SPOAC system was demonstrated using a multibody dynamic
simulation.
A range of future studies could be conducted
to help advance the family of MSAC and SPOAC
ACSs toward flight readiness and effective application to additional vehicle and mission classes. So far,
several new MSAC configurations have been generated creatively and tested quantitatively, but more
systematic configuration and topological design exploration could yield both enhanced MSAC performance and expanded vehicle and mission applicability. Creation of modeling tools that support automated dynamic model generation would help support such systematic exploration, which could be
driven by recent advances using machine learning
techniques in engineering system configuration deBataleblu
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